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Interneurons in the cerebral cortex regulate cortical
functions through the actions of distinct subgroups
that express parvalbumin, somatostatin, or calretinin.
The genesis of the first two subgroups requires the
expression of NKX2.1, which is maintained by SHH
signaling during neurogenesis. In this paper, we
report thatmosaic elimination in themedial ganglionic
eminence (MGE) of Smo, a key effector of SHH
signaling, reveals that MGE progenitors retain a
remarkable degree of plasticity during the neurogenic
period. SHH signaling prevents the upregulation of
GSX2 and conversion of some MGE progenitors to
a caudal ganglionic eminence-like, bipolar calretinin-
expressingcell fate that ispromotedbyGSX2. Inaddi-
tion, a higher level of SHH signaling promotes the
generation of the somatostatin-expressing inter-
neuron at the expense of parvalbumin-expressing
subgroup. These results indicate that cortical inter-
neuron diversity, amajor determinant of cortical func-
tion, is critically influenced by differential levels of
SHH signaling within the ventral telencephalon.
INTRODUCTION
Cerebral cortical functions are mediated by the coordinated
activity of glutamatergic projection neurons and GABAergic inter-
neurons. The interneurons regulate cortical functions through the
actions of subtypes that are distinguished by morphological, axon
targeting, physiological, and neurochemical characteristics
(Freund, 2003; Markram et al., 2004). Recent studies have demon-
strated that distinct classifications of interneurons have distinct
spatial and temporal origins. For example, the parvalbumin-ex-
pressing (PV+) and somatostatin-expressing (SST+) subgroups
originate from the medial ganglionic eminence (MGE), whereas
the major subgroup of calretinin-expressing (Calr+) interneurons,
which has a vertically oriented, bipolar or bitufted morphology,
originates mainly from the caudal ganglionic eminence (CGE)
(Butt et al., 2005; Wichterle et al., 2001; Xu et al., 2004). Within328 Neuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc.the MGE, there is a bias for SST+ interneurons to originate from
the dorsal MGE, and the PV+ interneurons to originate from the
ventral MGE (Flames et al., 2007; Wonders et al., 2008). In addition
to spatial distinctions in interneuron origins, temporal distinctions
in the birthdates of interneuron subgroups (Cavanagh and Parna-
velas, 1989; Rymar and Sadikot, 2007; Xu et al., 2004) or subtypes
(Butt et al., 2005; Miyoshi et al., 2007) have also been identified.
Taken together, these studies provide strong evidence that
some neurochemical and physiological aspects of interneuron
fate are specified around the time of their birth in the ventral (sub-
pallial or pallidal) telencephalon. However, despite their rele-
vance to neuropsychiatric disorders, relatively little is known
about the molecular regulation of cerebral cortical interneuron
fates. Initial patterning of the MGE requires FGF and SHH
signaling to induce or permit expression of Nkx2.1 (Chiang
et al., 1996; Fuccillo et al., 2004; Gutin et al., 2006; Storm
et al., 2006), a transcription factor that is required for normal
MGE development (Sussel et al., 1999). During neurogenesis,
continued SHH signaling is required to maintain Nkx2.1 expres-
sion in MGE progenitors (Anderson et al., 2001; Xu et al., 2004;
Xu et al., 2005), and Nkx2.1 is required for the specification of
SST+ and PV+ interneurons (Butt et al., 2008; Du et al., 2008;
Xu et al., 2004). Lhx6, a direct target of NKX2.1, is also required
for the specification of SST+ and PV+ subgroups (Du et al., 2008;
Liodis et al., 2007). This role of Nkx2.1 and Lhx6 in the specifica-
tion of MGE-derived interneurons is perplexing with regard to the
specification of SST+ versus PV+ subgroups, because neither of
these transcription factors has an apparent gradient of protein
expression on the dorsal-ventral axis of the MGE. However,
the enriched expression of the SHH signaling effectors Gli1,
Ptch1, Hhip1, and Nkx6.2 in the dorsal MGE suggests that
SHH signaling is enhanced in this region relative to the ventral
MGE (Wonders et al., 2008; Yu et al., 2009).
To test the hypothesis that higher levels of SHH signaling direct
the SST versus PV interneuron subgroup fates, we eliminated the
SHH signaling effector Smoothened (Smo) within progenitors of
the MGE in Six3Cre;Smof/f mice. These mutants have a mosaic
lossofSHHsignalingwithinstripsofcells in theMGEanda remark-
able combination of cell-autonomous and cell-nonautonomous
effects on progenitor patterning and fate that affect all three major
subgroups of cortical interneurons. Downregulation of SHH
signaling results in reduction of NKX2.1 expression, upregulation
of GSX2, and conversion of their fate in some instances from
Figure 1. Six3Cre Creates Mosaic Expres-
sion Pattern in the MGE
(A) Six3Cre-mediated GFP reporter expression in
Six3Cre;ZEG mice is detectable in the medial
ganglionic eminence (MGE) by E10.5. A few
GFP+ cells are also observed occasionally in the
lateral ganglionic eminence (LGE) and cortex
(Ctx). Blue color is DAPI nuclear staining.
(B) By E12.5 Cre reporter expression is present in
radially oriented groups of cells in the MGE
ventricular zone (VZ), as well as cells that appear
to be migrating dorsally toward the striatum and
cortex.
(C) Higher-magnification view of MGE from (B)
shows GFP immunofluorescence signal. The
arrow indicates the VZ region shown in (D) and (E).
(D) Cre immunofluorescence and DAPI staining
shows that, as implied by the Cre reporter expres-
sion, Cre protein is detected in many but not all
MGE progenitors.
(E) Confocal microscopy image of Cre protein
and Cre reporter (GFP) expression in the MGE.
Essentially all GFP+ cells also express detectable
levels of Cre, although some Cre+ cells are not
GFP+.
(F) This panel shows the boxed area in (C). Some of the GFP+ cells appear to have downregulated Cre. However Cre+, GFP-negative cells are still present,
consistent with previous results that reporter expression does not occur in all Cre+ cells in the ZEG mouse (Xu et al., 2008).
Scale bar represents 100 mm in (A) and (B), 50 mm in (C), and 20 mm in (D)–(F).
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SHH Signaling Defines Interneuron Subgroup FatesPV- or SST-expressing interneuron subgroups to bipolar Calr+
interneurons that normally originate primarily from the caudal
ganglionic eminence (Butt et al., 2005; Xu et al., 2004). Gain and
loss of function studies suggest that Gsx2 contributes to bipolar
Calr+ interneuron specification. In addition, mosaic inactivation
of SHH signaling in the MGE results in a cell-nonautonomous up-
regulation of this signaling in neighboring progenitors, ectopic
expression of Gli1, Ptch1 and Nkx6.2, and conversion of middle
and ventral MGE progenitors to dorsal MGE-like, SST+ fate.
Exposing ventral MGE progenitors to exogenous SHH in slice
culture produces a similar effect on SST+ fate, while suppressing
the generation of PV+ interneurons. These results indicate that
interneuron fate is remarkably plastic during neuronogenesis,
and that interneuron diversity is critically influenced by differential
levels of SHH signaling within the pallidal telencephalon.
RESULTS
Six3Cre Produces a Mosaic of Cre Expression within
the Ventricular Zone of the MGE
To produce a mosaic of Smo inactivation in the MGE, we used
a mouse line in which the Cre recombinase is expressed under
control of a roughly 9 kb genomic fragment flanking the first
exon of the Six3 gene (Furuta et al., 2000). By embryonic day
(E) 10.5, Six3Cre-mediated reporter expression is evident in the
MGE region of the ventral telencephalon (Figure 1A). At E12.5
this expression is expanded (Figures 1B–1F), but within the
ventricular zone occurs mainly in radially oriented stripes that
may represent clones of cells that recombined the GFP reporter.
Although the ZEG reporter (Novak et al., 2000) underrepresents
Cre+ cells, (Figures 1E and 1F; see also Xu et al., 2008), immuno-
fluorescence detection of Cre also reveals a mosaic expression
of Cre relative to all cells in the MGE ventricular zone (Figure 1D).Reduced NKX2.1 and Upregulated GSX2 Expression
in the MGE of Six3Cre;Smof/f Embryos
Our previous study found that SHH signaling reversibly main-
tains NKX2.1 expression and interneuron fate determination by
mitotic progenitors in the MGE (Xu et al., 2005). To evaluate
the effects of mosaic inactivation of SHH signaling on cell fate
within the MGE, and to extend the fate analysis to older ages
in vivo, Six3Cre mice were mated to a loxP-flanked Smoothened
(Smof/f) line (Dassule et al., 2000). The Six3Cre;Smof/f mutants
develop and survive grossly normally. At E14.5, Six3Cre;Smof/f
mutants have a patchy reduction of NKX2.1 expression in the
MGE (Figures 2C0 and 2G0). Colabeling with the S-phase marker
BrdU administered 1 hr prior to embryo fixation revealed that
elimination of SHH signaling results in the abnormal presence
of non-NKX2.1 expressing S-phase nuclei in the MGE (Figures
2D and 2D0).
The reduction of NKX2.1 in the MGE ofSix3Cre;Smof/f mutants
raises the question of whether these progenitors have been
converted into an alternative telencephalic fate. Based on the
general function of SHH to permit ventral patterning in the telen-
cephalon (Ericson et al., 1995; Rallu et al., 2002; Shimamura and
Rubenstein, 1997), we hypothesized that more dorsal pallidal
fates (LGE and CGE) may be produced by the Smo-independent
progenitors. GSX2 is a homeodomain transcription factor that is
normally enriched in the dorsal region of the lateral ganglionic
eminence (LGE), and in the caudal ganglionic eminence (CGE,
see Figure S1A available online) (Corbin et al., 2003; Hsieh-Li
et al., 1995). In Six3Cre;Smof/f mutants, there is a prominent
upregulation of GSX2 in the MGE (Figure 2E0). Like the reduced
expression of NKX2.1, upregulation of GSX2 occurs in a patchy
or striped pattern, and colabeling for both proteins reveals
a complimentary pattern of expression of NKX2.1 and GSX2 in
these mutants (Figure 2H0). Interestingly, the MGE-like regionNeuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc. 329
Figure 2. The MGE of Six3Cre-Mediated
Smo Conditional Knockout Embryos Have
Reduced NKX2.1 and Upregulated GSX2
Expression
(A and B) At E14.5 DAPI staining (A and A0) and
labeling of S-phase cells by BrdU (B, B0) revealed
no gross difference in brain size or proliferation in
the Six3Cre;Smof/f mutants.
(C and C0) In contrast, the mutant embryo has
a marked reduction of NKX2.1 immunofluores-
cence in subpopulations of MGE cells (arrow in
C0, D0, and G0 ).
(D and D0) Higher-magnification view shows
abnormal regions of BrdU+, NKX2.1-negative
cells in the mutant MGE, suggesting that reduction
of NKX2.1 in the ventricular zone is not due to
premature cell-cycle exit.
(E and E0) GSX2 immunofluorescence shows upre-
gulation in stripes of MGE progenitors of the Six3-
Cre;Smof/f mutants (arrow in E0) compared with
the Six3Cre;Smof/+ heterozygous control.
(F–H0). Colabeling of GSX2 (F and F0) and NKX2.1
(G and G0) reveals that regions in the mutant
MGE with reduced NKX2.1 expression contain
high expression of GSX2 (arrows in F0–H0;
NKX2.1 and GSX2 merged image in H and H0).
Scale bar represents 200 mm in (A) and applies to
(B)–(C0), (E), and (E0), 100 mm in (D) and applies to
(D0 ), and 10 mm in (F) and applies to (F0)–H0).
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SHH Signaling Defines Interneuron Subgroup Fatesof Nkx2.1 nulls also shows an increase of GSX2 expression at
E13.5 (Figure S1D). In sum, mosaic reduction of SHH signaling
in the MGE progenitors results in downregulation of NKX2.1,
and increased expression of GSX2.
To determine whether this phenotype is due to repatterning
of NKX2.1-expressing progenitors, or to ectopic generation of
GSX2 at earlier ages, embryos were examined at E10.5. At
this age, NKX2.1 is detected in nearly all Cre-expressing progen-
itors in bothSix3Cre;Smof/f mutants andSix3Cre;Smof/+ controls
(Figures S2A–S2D0). Likewise, at E12.5 there is no gross
downregulation of NKX2.1 in Cre-reporter-expressing cells
from the mutant (Six3Cre;Smof/f;ZEG), nor is there detectable
upregulation of GSX2 (Figure S2E–S2H0). Although these results
may be somewhat surprising given the timing of Cre expression,
functional elimination of SHH signaling by Cre-mediated elimina-
tion of SMO protein may be a relatively slow process. For
example, NestinCre;Smof/f conditional mutants have a substan-
tially milder telencephalic phenotype than NestinCre;Shhf/f
mutants (Machold et al., 2003; Xu et al., 2005). In sum, in the
Six3Cre;Smof/f mutants the dramatic upregulation of GSX2 in
MGE progenitors that also have low (if any) levels of NKX2.1
expression appears to be a relatively late-developing patterning
alteration.330 Neuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc.Reduced Detection of PV+
Interneurons in the Postnatal
Cortex of Six3Cre;Smof/f Mutants
In mice, most cortical interneurons (about
80%, see Tamamaki et al., 2003) express
either the calcium binding protein parval-
bumin (PV), the neuropeptide somato-statin (SST), or the calcium binding protein calretinin (Calr).
These groups are nonoverlapping, with the exception of
a minority of Calr+ multipolar interneurons that coexpress SST
(Xu et al., 2006). A variety of genetic fate mapping and transplan-
tation studies have suggested that PV+ and SST+ interneurons
originate predominantly within the NKX2.1-expression domain
of the MGE and ventral caudal ganglionic eminence (CGE),
whereas most bipolar, Calr+ interneurons originate in the dorsal
CGE (Butt et al., 2005; Fogarty et al., 2007; Xu et al., 2004, 2008).
In the Six3Cre;Smof/f mutants, the reduction in the MGE expres-
sion of NKX2.1, which is required for the specification of both the
PV+ and the SST+ subgroups (Du et al., 2008; Xu et al., 2004),
suggests that both of these subgroups will be reduced in post-
natal brains of these mutants. Although the cortical laminations
are well preserved by NeuN and TBR1 staining (Figures S2I–
S2J0), only PV and the general interneuron marker GABA are
significantly reduced in these mutants (Figures 3A–3D) at post-
natal day 25 (P25). In contrast, the detection of the SST+ inter-
neurons, as well as the partially overlapping NPY-expressing
subgroup, is surprisingly unchanged.
Our previous study suggested that NKX2.1 expression, main-
tained by SHH signaling, is required during the final cell cycle for
the specification of MGE-derived interneurons (Xu et al., 2005).
Figure 3. The Interneuron Subgroups that Express Parvalbumin or Somatostatin Are Differentially Affected in the P25 Cortex of Six3Cre;
Smof/f Mice
In the upper panel, coronal sections from the somatosensory (S1) cortex of controls (Six3Cre negative mice, A–C) are compared with mutants (A0–C0) for GABA
expression (A and A0), PV (B and B0), and SST (C and C0).
(D) Stereological quantification of cells per mm3 reveals significant reductions of GABA (in the deeper layers only) and PV (n = 3, t test). In contrast, the detection of
SST+ and NPY+ (neuropeptide Y) interneuron subgroups is not affected.
(E and F) To selectively examine the cell-autonomous effect of loss of SHH signaling on interneuron fate determination in the MGE, triple immunolabeling for GFP,
PV, and SST was examined on P25 Six3Cre;Smof/+;ZEG controls (E–E00), and Six3Cre;Smof/f;ZEG mutants (F–F00) sections, and shown in cortical layers 5 and 6.
Arrowheads indicate GFP+ cells that colabel with PV, and arrows indicate GFP+ cells that colabel with SST.
(G) Areal densities of GFP+ interneurons colabeled with PV or SST were significantly reduced in the mutant cortex (*p < 0.03, n = 6; Wilcoxon signed rank tests).
Scale bar represents 100 mm in (A) and applies to (A0)–(C0). Scale bar represents 50 mm in (E) and applies to (E0)–(F00).
Neuron
SHH Signaling Defines Interneuron Subgroup FatesWe crossed Six3Cre;Smof/+ and ZEG Cre reporter lines to
examine cell-autonomous fate effects of disruptions of SHH
signaling (Figures 3E–3F00). Although the ZEG line underreports
Cre-expressing cells (Figure 1; Xu et al., 2008), analysis of Six3
Cre;Smof/f;ZEG mutants revealed a significant reduction of the
density of GFP+ interneurons that express either PV or SST
(Figure 3G; for each comparison N = 6, p < 0.03 by two-tailed
Wilcoxon signed rank test).Because analysis of the same brains revealed that the total
density is not decreased for the SST+ subgroup (Figure 3D),
the mutant Six3Cre;Smof/f;ZEG cortex contains a higher propor-
tion of SST+ cells that are GFP negative than controls. In light of
previous evidence that Smo inactivation in postmitotic SST+
interneurons does not alter their migration or survival (Xu et al.,
2005), this result suggests there is increased production of
SST+ interneurons by Cre-negative progenitors within theNeuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc. 331
Neuron
SHH Signaling Defines Interneuron Subgroup FatesMGE. To directly examine this possibility, we took advantage of
the fact that ZEG mice contain a dual-reporter system whereby
cells express b-galactosidase (b-Gal) unless there is Cre-medi-
ated conversion to GFP expression (Novak et al., 2000). Because
we were unable to obtain unequivocal localization of b-Gal
signal to distinct neurons in tissue sections (where all non-Cre-
expressing lineages are b-Gal+), we plated dissociated cells
from the MGE of Six3Cre;Smof/f;ZEG mutant and Six3
Cre;Smof/+;ZEG control embryos on feeder cultures made from
neonatal, nontransgenic mice (Figure 4A) (Xu et al., 2004). After
13 days in vitro (DIV), samples from the mutants have a dramatic
increase in the percentage b-Gal+ cells that colabel with SST
(Figures 4B–4H; 46.3% ± 3.1 versus 20.1% ± 1.1 p < 0.01,
N = 3). These result strongly suggest that the normal density of
SST+ interneurons in the Six3Cre;Smof/f cortex occurs due to
the reduction in SST+ interneurons from progenitors that inacti-
vated Smo, together with a compensatory increase in SST+
interneurons derived from progenitors that did not recombine
Smo.
Upregulation of SHH Signaling in Cre-Negative MGE
Progenitors of Six3Cre;Smof/f Mutants
The surprising compensatory production of SST+ interneurons
by the mutant MGE led to the re-examination of patterning in
this region. Recent studies have suggested that most SST+
interneurons originate in the dorsal MGE (dMGE), and there is
a complimentary bias for PV+ interneurons to originate in the
ventral MGE (Flames et al., 2007; Fogarty et al., 2007; Wonders
et al., 2008). The dMGE expresses high levels of the SHH
signaling effector Gli1 (Figure 4I), as well as Nkx6.2 (Figure 4K),
a transcription factor whose expression in this region is SHH
dependent (Xu et al., 2005). The dMGE also expresses
increased levels of Hedgehog interacting protein-1 (Hhip1) and
the SHH receptor Patched-1 (Ptch1; Figure 4J), two additional
genes whose expression tends to be enhanced in regions of
high levels of SHH signaling (Chuang et al., 2003). Analysis of
the MGE of Six3Cre;Smof/f mutants at E14.5 reveals a dramatic
upregulation of Gli1, Ptch1, and Nkx6.2 mRNA expression in the
ventricular zone of middle and ventral regions of the MGE
(Figures 4I0–4K0).
To determine whether this upregulation is dependent on the
mosaic expression of Cre, coimmunofluorescence for Cre
and Ptch1 was conducted. In sections from middle or ventral
regions of the MGE from Six3Cre;Smof/+ heterozygous control
embryos, signal for PTCH1 is weak and has a fairly uniform
pattern along the ventricular surface (Figure S3C). In contrast,
in the MGE of Six3Cre;Smof/f embryos, Ptch1 is strongly ex-
pressed in patches of MGE cells (Figures S3C0–S3D0). Remark-
ably, cells with higher PTCH1 signal are predominantly those
with little or no signal for Cre (Figures S3B0–S3D0). Colabeling
of NKX6.2 and Cre provides very similar results (Figures S3E–
S3H0). Taken together with the ectopic enrichment of GSX2 in
the NKX2.1-downregulated patches (Figure 2), these results
suggest that within-MGE patterning of the Six3Cre;Smof/f
reflects a mosaic of cell-autonomous and cell-nonautonomous
effects. Progenitors that downregulate SHH signaling reduce
NKX2.1 expression and upregulate GSX2. In contrast, surround-
ing progenitors that have not inactivated Smo respond by upre-332 Neuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc.gulating SHH signaling and other transcripts normally enriched
in the dMGE. Accordingly, there is a cell-nonautonomous
expansion of SST production by MGE progenitors in this mutant
(Figure 4H).
These results also suggest that relative to PV fate determina-
tion, higher levels of SHH signaling direct the specification of
the SST fate. To determine whether exogenous SHH ligand
can enhance the specification of SST+ interneurons by progen-
itors of ventral regions of the MGE, 10 nM SHH ligand was added
to telencephalic slices at E11.5 from pan-GFP expressing
embryos (Figure 5). Our previous study found that SHH addition
to forebrain slices from Shh conditional null mice can rescue
NKX2.1 expression and interneuron fate, but only in progenitors
that proliferated after being re-exposed to SHH (Xu et al.,
2005). In order to limit the current analysis to cells that prolifer-
ated after exposure to exogenous SHH, retrovirus carrying an
expression cassette for lacZ was added to the culture medium
during the second DIV. After 2 days, the ventral half of the
MGE was dissociated and transplanted into the neonatal
neocortex (Figure 5A), an approach we and others have used
extensively to study interneuron fate determination (Cobos
et al., 2005; Du et al., 2008; Wonders et al., 2008). Thirty days
after transplantation, analysis of tissue sections from controls
(no exogenous SHH) revealed the expected bias for PV-express-
ing interneurons over those that express SST (Figure 5L).
Remarkably, exogenous SHH resulted in a reversal in the propor-
tion of PV+ versus SST+ interneurons, with a roughly 2-fold
increase in SST+ cells in transplants from SHH-treated slices
(Figure 5L; p < 0.01, N = 4 for both the PV decrease and SST
increase). In contrast, the percentage of GFP+ cells that cola-
beled with b-Gal+ did not differ between conditions, suggesting
that SHH treatment did not grossly alter the proliferation of inter-
neuron progenitors.
Smo-Inactivated MGE Progenitors Can Generate
Bipolar Calr+ Interneurons
Smo-inactivated progenitors appear to upregulate GSX2
(Figure 2). This transcription factor is expressed weakly in MGE
progenitors, and is enriched within the dorsal region of the
LGE as well as in the CGE, a region that gives rise to vertically
oriented, bipolar or bitufted Calr+ interneurons (Butt et al.,
2005; Xu et al., 2004). As expected, in Six3Cre;Smof/+;ZEG
controls essentially no such GFP+, bipolar calretinin-labeled
interneurons are present (Figures 6A–6C), although a separate,
MGE-derived subgroup with multipolar morphology that gener-
ally coexpress SST are detected (Figure 6; see Xu et al., 2006).
However, the Six3Cre;Smof/f;ZEG mutant cortex contains the
remarkable appearance of GFP+, vertically oriented, bipolar or
bitufted Calr+ interneurons (3.8% ± 0.6 versus 0.5% ± 0.2 in
Figures 6D–6G, p < 0.003, N = 5). These cells do not express
SST (Figures 6E, 6F), further suggesting that they represent the
aberrant production of a CGE-interneuron fate by MGE progen-
itors in the context of reduced SHH signaling. A similar result has
recently been reported in conditional nulls for Nkx2.1 (Butt et al.,
2008). These results suggest that during the age range of neuro-
genesis, SHH maintains MGE identity generally (Xu et al., 2005),
while specifying MGE-specific subgroups through differential
levels of signaling.
Figure 4. Cell-Nonautonomous Alteration of Interneuron Fate in the Six3Cre;Smof/f Mutants and Ventral Expansion of High SHH Signaling
(A–G) Schema of experimental paradigm (A). The MGE is dissected from 250mm thick vibratome sections ofSix3Cre;Smof/+;ZEG controls (B–D), orSix3Cre;Smof/f;
ZEG mutants (E–G). Cells are dissociated, and then plated on a feeder culture of neonatal cortex. Although some Cre+ progenitors fail to activate the GFP reporter
(Figure 1), in this paradigm the b-Gal+ population will primarily be composed of cells derived from Cre-negative (GFP-negative) progenitors (Novak et al., 2000).
After 13 days the expression of SST (blue signal pseudocolored from Cy5 in C, D, F, and G) by b-Gal+ cells (red) is assessed (arrowheads).
(H) Counts of colabeling for b-Gal and SST reveals a 2-fold increase of colabeled cells from the mutant MGE (t test, n = 3), suggesting that a cell-nonautonomous
effect of the Six3Cre;Smof/f mutant results in overproduction of SST+ cells from the mutant MGE.
(I–K) mRNA in situ hybridization for the SHH signaling targetsGli1,Ptch1, andNkx6.2 in Cre-negative control E14.5 embryos are enriched in the dorsal-most region
of the MGE.
(I0, J0, and K0) In sections fromSix3Cre;Smof/f mutants, these transcripts are expanded into ventral regions of the MGE (black arrows). Lack of colabeling for Cre and
either PTCH1 or NKX6.2 (Figure S3) strongly suggests that this expansion is a cell-nonautonomous effect.
Scale bar represents 25 mm in (B) and applies to (C)–(G), and 200 mm in (I) and applies to (I0 )–(K0 ).
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SHH Signaling Defines Interneuron Subgroup FatesRegulation of Bipolar Calr+ Interneuron Fate by GSX2
GSX2 is strongly expressed in the lateral and caudal ganglionic
eminence, and functions in retinoid production and patterningin the developing striatum (Corbin et al., 2000, 2003; Toresson
et al., 2000; Waclaw et al., 2004; Yun et al., 2001). To determine
whether GSX2 also plays an instructive role in the specification ofNeuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc. 333
Figure 5. Exogenous SHH Promotes Ventral MGE Progenitors into SST-Expressing Interneuron Fates
(A) Telencephalic slices from E11.5 pan-GFP expressing embryos were cultured with or without 10 nM SHH ligand for 2 days. Retrovirus that encodes for nuclear
localizing b-galactosidase (b-Gal) was added after 16 hr. The ventral (v) MGE cells were dissociated and transplanted into P1 neonatal cortex, and the brains were
processed at P30 for immunohistochemistry.
(B–K) Examples of colabeling of GFP+ cells with PV, SST and b-Gal. Arrows in (B) and (C) indicate the triple-labeled cells that are magnified in the underneath
panels, respectively.
(L) The addition of SHH did not significantly shift the percentage of transplanted cells colabeling with b-Gal. However, the roughly 2:1 bias for vMGE progenitors to
generate PV+ over SST+ interneurons in control transplants was dramatically reversed by exposure to exogenous SHH (p < 0.01, n = 4, for both the PV decrease
and SST increase with SHH treatment). Scale bar represents 50 mm.
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SHH Signaling Defines Interneuron Subgroup Fatesbipolar Calr+ interneurons, Gsx2 was overexpressed by electro-
poration of the MGE of E12.5 slice cultures (Figures 7A–7H). After
one DIV, cells were collected, plated onto neonatal cortical
feeder cultures, and examined after 13 DIV. Compared with
controls, expression of GSX2 in MGE progenitors roughly tripled
the percentage of transfected cells that differentiate into Calr+,
bipolar cells (pCAGIG control: 3.7% ± 1.3; pCAGIG-Gsx2:
10.3% ± 1.4, p < 0.005, N = 6).
To determine whether Gsx2 is required for the generation of
normal numbers of bipolar, Calr+ interneurons in vivo, Gsx2
conditional null mutants (cKOs) were examined. In these
mutants, Gsx2 expression is eliminated in the vast majority of
telencephalic progenitors by approximately E12.5 (Figures S1A,
S1B). Moreover, these mutants show similar dorsal-ventral
patterning defects in the telencephalon as that previously re-
ported in germ-line mutants (data not shown). In adult somato-
sensory cortex, there was a dramatic loss of bipolar Calr+/SST-
negative interneurons in the Gsx2 cKOs (67.9 ± 5.9/mm2 versus
112.6 ± 12.4/mm2, p < 0.048 for layers 2–4, and 12.6 ± 2.3/mm2334 Neuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc.versus 19.1 ± 1.7/mm2, p < 0.043 for layers 5 and 6, N = 3, Figures
7I–7M). In contrast the density of Calr+/SST+ interneurons
(dorsal-MGE derived) was not significantly affected but showed
a trend toward increase in the mutant (53.7 ± 6.4/mm2 versus
47.0 ± 6.5/mm2 for layers 2–4, N = 3, N.S.; and 16.8 ± 1.7/mm2
versus 14.6 ± 1.6/mm2 for layers 5 and 6, N.S., n = 3). In sum,
loss of Gsx2 in telencephalic progenitors results in a selective
reduction of the CGE-derived vertically oriented Calr+ popula-
tion, but has little or no affect on the multipolar Calr+ population
that coexpresses SST and originates in the MGE.
DISCUSSION
Although recent years have seen tremendous advances in
understanding neural subtype fate determination in the mamma-
lian nervous system, such advances in forebrain development
have lagged, despite the relevance to neuropsychiatric disease.
In this paper, we provide inroads into the fate determination of
the three main neurochemically defined subgroups of cortical
Figure 6. Smo-Recombined Progenitors of the MGE Can Generate Bipolar Calretinin-Expressing Interneurons
Shown are images of superficial cortex from 40 mm coronal sections of P25 Six3Cre;Smof/+;ZEG control (A–C) and Six3Cre;Smof/f;ZEG mutant (D–F).
(A–C) In the control section, immunofluorescent colabeling of GFP and SST are indicated with short arrows, while one multipolar cell weakly expressing Calr, GFP,
and SST is indicated with the long arrow. No vertically oriented Calr+ cells colabel with GFP, because this interneuron subgroup normally originates in the CGE,
but not in the MGE (Butt et al., 2005; Xu et al., 2004).
(D–F) The mutant section also contains GFP, SST, and Calr triple-labeled cells with multipolar morphologies (long arrows); however, it contains several vertically
oriented, GFP+ and Calr+ colabeled cells (arrowheads). The dramatic increase in the density of GFP+ cells that are vertically oriented, Calr+ and SST-negative in
layers 2 and 3 of the mutant somatosensory cortex is quantified in (G) (t test, p < 0.01, n = 5). To highlight cell morphology, the images were generated from Z
stacks collected using epifluorescence and a 10x objective, and then reconstructed using MetaMorph software.
Scale bar represents 50 mm in (A) and applies to (B)–(F).
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SHH Signaling Defines Interneuron Subgroup Fatesinterneurons: those that express PV, SST, or Calr. The PV- and
SST-expressing subgroups have previously been shown to
require NKX2.1 function for their fate determination (Butt et al.,
2008; Xu et al., 2004), and this function requires the maintenance
of NKX2.1 expression in the MGE progenitors by SHH signaling
(Xu et al., 2005). Here we provide evidence that SHH signaling
also regulates intra-MGE patterning and the differential specifi-
cation of PV+ versus SST+ interneurons. In addition, this
signaling represses GSX2 expression, preventing the respecifi-
cation of some MGE progenitors to the bipolar Calr+ subgroup.
These results demonstrate that cortical interneuron diversity is
critically influenced by differential levels of SHH signaling within
the ventral telencephalon. Moreover, the pronounced cell-
nonautonomous effects of mosaic Smo inactivation reveal the
remarkable, albeit fate-restricted, plasticity of MGE progenitors
during the period of neurogenesis.
Shifts in MGE Patterning and Fate Produced by Mosaic
Alterations of SHH Signaling
Over the previous decade evidence has been accruing that, like
the developing spinal cord, in the telencephalon much of the
regulation of neuronal fate determination occurs by the produc-
tion of neuronal subtypes in molecularly distinct progenitor
domains (Flames et al., 2007; Lupo et al., 2006). Recently,progenitor subdomains have been identified within the MGE,
with the dorsal MGE expressing higher levels of Gli1, Ptch1,
Hhip1, and Nkx6.2 (see Figure 4 and Xu et al., 2005; Flames
et al., 2007; Wonders et al., 2008).Gli1, Ptch1, andHhip1 detect-
ability are generally indicative of high levels of SHH signaling
(Chuang et al., 2003; Fuccillo et al., 2006), and the dorsal
MGE domain of Nkx6.2 and Gli1 expression are abolished in
NestinCre;Shhf/f mutants (Xu et al., 2005). In this context, it is
initially surprising to find that Six3Cre;Smof/f mutants show
strong upregulation of Gli1, Ptch1, and Nkx6.2 in strips of
progenitors of the middle and ventral MGE (Figure 5). However,
Cre and PTCH1 coimmunodetection suggests that the cells
expressing higher signal for PTCH1 are those with lower signal
(if any) for Cre (Figure S3). In Drosophila, loss of Hedgehog
(Hh) receptivity results in higher levels of Hh signaling in
surrounding cells, due to the action of Ptc to sequester Hh
protein (Chen and Struhl, 1996). A similar phenomenon in the
developing diencephalon has been reported with conditional
nulls of Smo (Machold et al., 2003). However, from the current
analysis it remains unclear whether reduced sequestration of
SHH by the Smo-recombined cells, or some other mechanism
accounts for the dramatic cell-nonautonomous effects seen.
Both analyses of tissue sections from Six3Cre;Smof/f nulls
(Figure 3), and culture experiments that distinguish the fates ofNeuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc. 335
Figure 7. GSX2 Functions in the Generation of Bipolar Calretinin-Expressing Interneurons
(A–H) Results from a Gsx2 gain-of-function study. (A) E12.5 MGE progenitors were electroporated with pCAGIG (control, B–D) or pCAGIG-Gsx2 (E–G) plasmid.
After 1 day, the MGE was dissociated and plated onto neonatal cortical cells and cultured for 13 days. GFP labels transfected cells. Image (B) and (C) are merged
in (D), (E) and (F) are merged in (G). In controls, colabeling of Calr and SST is present in cells with multipolar morphology (arrow), but Calr labeling in bipolar neurons
is rare. In contrast, transfection of pCAGIG-Gsx2 results in a more than 2-fold increase in the percentage of GFP+ cells with a Calr+, bipolar phenotype (arrowhead
in E and G; quantified in H; n = 6). These cells do not express SST (F).
(I–M) In the lower panel, the density of Calr+ interneurons in somatosensory cortex of conditionalGsx2mutant mice (cKO; Foxg1-tTA;Tet-Cre;Gsx2f/f, K and L) are
compared with the Cre-negative controls (I and J). Arrowheads indicate the vertically oriented Calr+, SST-negative interneurons. (M)Gsx2 cKO mice show a signif-
icant reduction of Calr+, SST-negative interneurons in both upper and lower layers (n = 3). The relative density of PV+ or SST+ interneuron subgroups is not
affected (data not shown).
Scale bar represents 25 mm in (B)–(G), and 50 mm in (I) and applies to (J)–(L).
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SHH Signaling Defines Interneuron Subgroup Fatesrecombined or nonrecombined progenitors from these mutants
(Figure 4), indicate that these patterning changes produce
both cell autonomous and nonautonomous alterations in inter-
neuron fate. Thus, mosaic inactivation of Smo in the MGE
results in dramatic cell-autonomous (reduction of NKX2.1 and
upregulation of GSX2; Figure 2) and cell-nonautonomous (upre-336 Neuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc.gulation of SHH responsive genes including Nkx6.2; Figure 4)
effects on patterning and fate determination within the MGE
(Figure 8). This is a rare example in which cell-nonautonomous
effects on neuronal fate determination have been demonstrated
to the level of fully differentiated neurons in the mammalian
forebrain.
Figure 8. Differential Specification of Cortical
Interneurons by SHH Signaling and the Homeodo-
main Transcription Factors NKX2.1 and GSX2
(A) Schema of NKX2.1 (purple), NKX6.2 (green), and GSX2
(blue) expression in the pallidal telencephalon at E13.5. In
controls, GSX2 is expressed at high levels in the dorsal
region of the pallidal LGE and CGE, and weakly through
the MGE. NKX6.2 is expressed along the MGE-LGE sulcus
and dorsal-most MGE (dMGE), whereas NKX2.1 is ex-
pressed throughout the MGE.
(B) Relationship of primary origin to interneuron fate. Most
SST+ interneurons originate in the dorsal MGE, whereas
most PV+ interneurons have a ventral MGE (vMGE) origin.
Most bipolar, Calr+ interneurons originate from the CGE
(not shown). In the Six3Cre;Smof/f mutant, mosaic loss of
SHH signaling results in cell-autonomous loss of NKX2.1
expression in the MGE, and some of these cells upregulate
GSX2. This conversion is associated with the abnormal
production of bipolar, Calr+ interneurons from Six3-
lineage MGE progenitors. At the same time, Cre-negative
progenitors in the vMGE upregulate SHH signaling and
Nkx6.2, converting their production to SST+ interneurons.
(C) A two-state model for the role of SHH on interneuron
fate determination in the MGE, after initial patterning has
been established. High levels of SHH signaling in the
dMGE drive NKX2.1+ progenitors to produce mainly
SST+ interneurons, while lower levels of SHH signaling in
the vMGE maintains the generation of the PV+ subgroup.
On the other hand, bipolar Calr+ interneurons are gener-
ated by high GSX2+ progenitors in the CGE, that at this
stage have become independent of SHH signaling (Mac-
hold et al., 2003).
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SHH Signaling Defines Interneuron Subgroup FatesAlthough the results presented make the case that SHH
signaling participates in intra-MGE patterning and the differen-
tial fate determination of interneuron subgroups, a number of
interesting questions remain. First, given the expression
domains of Shh mRNA within the ventral telencephalon, in the
ventricular zone of the preoptic region and mantle zone of the
MGE, it is surprising that SHH signaling would be strongest
within dorsal-most MGE. However, at E12.5 Shh mRNA is
strongly expressed in both dMGE and vMGE mantle (for
example, see Figure 2O in Gulacsi and Anderson, 2008). The
dMGE SHH signaling enrichment suggests that SHH concentra-
tion is distorted by variable diffusion within the extracellular
matrix or intercellular transport, and that another signaling
pathway, such as that of fibroblast growth factors (FGFs), might
be relatively more important for ventral MGE expression of inter-
neuron-fate determining genes (Gutin et al., 2006; Hebert and
Fishell, 2008; Storm et al., 2006). In addition, because different
interneuron subtypes are generated at different times (Butt
et al., 2005, 2008), both the level of SHH signaling and its dura-
tion are likely to be critical (Ahn and Joyner, 2004; Dessaud
et al., 2007; Harfe et al., 2004).
Gsx2 Functions in Interneuron Fate Determination
Other questions raised by these results pertain to the
pronounced upregulation of GSX2 in recombined MGE progen-
itors of Six3Cre;Smof/f mutants. GSX2 is expressed throughout
the pallidum but is enriched in the more dorsal regions of both
the lateral and the caudal ganglionic eminences (Corbin et al.,
2003; Yun et al., 2001). The upregulation of GSX2 in Smo-recom-bined cells that also downregulate NKX2.1 (Figure 2) raises the
possibility that NKX2.1 normally represses GSX2 expression.
Evidence for increased GSX2 in the pallidum of Nkx2.1 nulls at
E13.5 supports this contention (Figures S1C–S1D). However,
this effect must be both partial and stage dependent, because
GSX2 is expressed weakly in the MGE and ventral expansion
of high levels of GSX2 expression in Nkx2.1 nulls is not seen at
earlier ages (Corbin et al., 2003). Because Nkx2.1 mutants also
have a dramatic reduction of Shh expression secondary to the
loss of MGE mantle zone (Sussel et al., 1999), the later upregu-
lation of GSX2 in these mutants, and the upregulation of GSX2
in the Six3Cre;Smof/f mutants, may reflect the loss of NKX2.1
in a very low-SHH signaling context.
A related issue regarding the upregulation of NKX2.1 expres-
sion in Six3Cre;Smof/f mutants is the fates of these progenitors.
The cortex of Six3Cre;Smof/f;ZEG mice show a dramatic
increase, from a control level of essentially none, of vertically
oriented, bipolar or bitufted, Calr+ cells from Cre+ progenitors
(Figure 6). In the cortex of adult Cre-reporter transgenic mice,
these interneurons are labeled by Gsx2Cre but not by Nkx2.1Cre
or Nkx6.2Cre (Fogarty et al., 2007; Xu et al., 2008). These data,
transplantation and culture studies (Butt et al., 2005; Xu et al.,
2004), and evidence that their specification does not require
NKX2.1 (Xu et al., 2004), suggest that the bipolar Calr+ popula-
tion primarily originates from GSX2+ progenitors in the CGE.
The presence of GFP+, bipolar Calr+ and SST-negative cells in
the cortex of Six3Cre;Smof/f;ZEG mice thus suggests that down-
regulation of SHH signaling converts some MGE progenitors into
CGE-like fates. Our gain and loss of function studies furtherNeuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc. 337
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SHH Signaling Defines Interneuron Subgroup Fatessuggest that Gsx2 contributes to this respecification event
(Figure 7).A Model of SHH-Controlled Interneuron Genesis
In the telencephalon, as in the spinal cord, SHH signaling
contributes to the establishment of dorsal-ventral patterning
primarily by preventing the formation of truncated, ‘‘repressor’’
form of GLI3 (Litingtung and Chiang, 2000; Rallu et al., 2002).
Although the decision of which telencephalic tissue will be pallial
(cortical) or pallidal (subcortical) appears to be insensitive to
alterations of SHH signaling by E11.5 (Machold et al., 2003; Rallu
et al., 2002), neuronal fate determination within the patterned
pallidum retains a remarkable degree of plasticity into the age
range of neurogenesis. For example, exogenous SHH applied
to slices from NestinCre:Shhf/f nulls can rescue both the expres-
sion of NKX2.1 in MGE progenitors, and the SST+ differentiated
fate of cells that cycled after re-exposure to SHH (Xu et al.,
2005). Moreover, conditional loss of Nkx2.1 expression at
E12.5 results in the conversion of some MGE progenitors from
the generation of SST+ to the generation of bipolar Calr+
subgroups (Butt et al., 2008). Taken together with the results of
this study, these results suggest a model whereby NKX2.1-
expressing progenitors retain plasticity for the generation of
SST- versus PV-expressing subgroups, responding to high
levels of SHH signaling by primarily generating SST+ interneu-
rons, and responding to lower levels of SHH signaling by
primarily generating of PV+ interneurons (Figure 8).
In sum, we provide evidence that SHH signaling is critical to
both the maintenance of MGE-derived interneuron progenitor
fates, and to the differential specification of two major subgroups
of cortical interneurons. Mosaic loss of SHH signaling within
MGE progenitors reveals a remarkable degree of progenitor
plasticity resulting in both cell-autonomous and cell-nonautono-
mous changes in intra-MGE patterning and interneuron fate.
Moreover, these mice have a pronounced increase in cortical
excitability despite their survival and grossly normal behavior
into adulthood (H.M., unpublished data). Human mutations in
SHH and SHH signaling components can produce a spectrum
of phenotypes including holoprosencephaly, seizure disorders,
various levels of language or cognitive impairment, and hyperac-
tivity (Heussler et al., 2002; Nanni et al., 1999; Santiago et al.,
2006). In addition to the effort for understanding the fate determi-
nation of critical subpopulations of cortical interneurons, models
of a relatively subtle, SHH-related ‘‘interneuropathies’’ may
provide important insights into the pathogenesis of human
neuropsychiatric disorders.EXPERIMENTAL PROCEDURES
Animals
Transgenic mice expressing Cre recombinase under the control of promoter
elements of the Six3 gene (Furuta et al., 2000) were mated with a loxP flanked
Smoothened (Dassule et al., 2000) line to generate Six3Cre;Smof/f mice.
Controls are Cre-negative Six3Cre-;Smof/+ and Six3Cre-;Smof/f genotypes,
or Six3Cre+;Smof/+ heterozygous as indicated. Neuronal fates of Six3Cre+
cells were tracked with the ZEG reporter (Novak et al., 2000). Six3Cre and
ZEG mice were maintained on a C57BL/6J background; Smof/f mice were
maintained inbred from the Jackson Laboratory. Midday of the day of vaginal
plug formation was considered E0.5. Gsx2 loss of function analyses were con-338 Neuron 65, 328–340, February 11, 2010 ª2010 Elsevier Inc.ducted on 12-week-old mice with genotypes Foxg1-tTA;Tet-Cre;Gsx2f/f mice
(mutants; Waclaw et al., 2009) and Foxg1-tTA;Gsx2f/f (Cre-negative controls).
Doxycycline was not given, and mutant embryos were found to inactivateGsx2
in the CGE by approximately E12.5 (Figures S1A, S1B). The pan-GFP trans-
genic mice (Hadjantonakis et al., 1998) were maintained on a CD1 back-
ground. Mice were treated in accordance with the guidelines set by the Weill
Cornell Medical College, University of Cincinnati College of Medicine, and
the National Institutes of Health.
BrdU Labeling
Single interperitoneal injections of BrdU (100 mg/kg) into the pregnant dam
were made 1 hour prior to sacrifice.
Tissue Preparation
Embryonic heads were immersion-fixed for 2 hr in 4% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS) containing 6% sucrose. Brains older than
E12.5 were dissected from the head for fixation, cryoprotected with increasing
grades of sucrose (15%–30%) in 0.1 M phosphate buffer (PB, pH 7.4),
embedded in OCT Compound (Tissue-Tek), and stored at 80C. Sections
were cut with a cryostat (Leica) at 12 mm thickness.
Postnatal mice were perfused with PBS followed by 4% PFA with 0.0125%
glutaraldehyde in PBS. Brains were postfixed in the same fixative in 60 mM PB
overnight at 4C. For sectioning, brains were embedded in 4% low-melting-
point agarose and cut in coronal plane at 40 mm thickness with a vibratome
(Leica). Sections were stored in antifreeze solution (30% glycerol and 30%
ethylene glycol in 40 mM PB, pH 7.4) at 20C.
Telencephalic Slice Cultures
Coronal telencephalic slices, 250 mm thick, were prepared and cultured as
described elsewhere (Xu et al., 2004). Slices were maintained in Neurobasal/
B27 (Nb/B27; GIBCO) with 5 ng/ml recombinant human FGF2 (Promega,
catalog number: G507A) for 48 hr with no change of medium. The recombinant
mouse Sonic Hedgehog N-terminus (C25II, R & D Systems, catalog number:
464-SH-025) was diluted in Nb/B27 and used at a final concentration of
10 nM. Retrovirus (see (Marin et al., 2000; Ory et al., 1996) for details) encoding
lacZ together with nuclear localizing sequence was repeatedly added to the
culture at 16, 24, and 36 hr.
Cocultures of MGE-Derived Cells on Cortical Feeder Cells
The cortical feeder cultures (100,000 cells per 36 mm2 well of 16-well chamber
slides, Lab-Tek) were prepared from the dissociated cortices of neonatal pups
as described previously (Xu et al., 2004). For theSix3Cre;Smof/f;ZEGmutantand
Six3Cre;Smof/+;ZEG control coculture experiment, the E14.5 embryos were
genotyped by polymerase chain reaction and green fluorescent protein expres-
sion. The MGE was dissected from the brain slices and then dissociated, gently
triturated, and resuspended in Nb/B27 medium. Five thousand cells per well
were added to cortical feeder cultures prepared 3 to 5 days earlier. All cultures
were maintained and processed as described elsewhere (Xu et al., 2004).
Neonatal Transplantation
Transplant cells were suspended in 1015 ml Nb/B27 medium to a cell
concentration of roughly 20 cells/nl. The cells were filled from the rear end of
a pulled glass micropipette (0.5 mm I.D., 1 mm O.D.), and then fitted to the
nanoinjector (Nanoinject II, Drummond). P1 neonate pup was anaesthetized
in ice for 3 min before the injection. Each pup received 30 injections of 69 nl
into each of the two hemispheres. The injection sites are in the middle between
bregma and interaural line, 1 mm lateral to the midline (Figure 5). The micropi-
pette tip was placed 1 mm deep to the pial surface, allowing for the injection of
cells mainly into layers 35.
Slice Electroporation
Mouse Gsx2 cDNA was subcloned into pCAG-Gsx2-IRES-GFP, abbreviated
as pCAGIG-Gsx2. The same vector without Gsx2 was used as control. DNA
was purified with the Endofree Plasmid Maxi Kit (QIAGEN) and electroporated
into the MGE region of E12.5 slices as described previously (Stuhmer et al.,
2002). Slices were maintained in Nb/B27 for 20 hr with no change of medium.
Then the MGE was dissociated and cultured as above.
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Nonradioactive DIG-labeled probes were used for in situ hybridization as
described previously (Xu et al., 2005). The cDNA probes used were Shh
(BC063087 from Open Biosystems), Gli1 (Kinzler et al., 1988), Ptch1, Nkx6.2
(gift from Dr. Gord Fishell).
The primary antibodies for immunofluorescence labeling included anti-BrdU
(rat, Serotec, 1:200), calretinin (rabbit, Chemicon, 1:2000; mouse, Swant,
1:5000), calbindin (rabbit, Swant, 1:5000), Cre (mouse, Chemicon, 1:1000),
GABA (rabbit, Sigma, 1:5000), GFP (rabbit, Molecular Probes; or chick,
Abcam, all 1:2000), GSX2 (rabbit, made by Kenneth Campbell, 1:5000),
NeuN (mouse, Chemicon, 1:1000), NKX2.1 (rabbit, Abcam, 1:1000; mouse,
Neomarkers, 1:100), NKX6.2 (rabbit, a kind gift from Maike Sander, 1:1000),
NPY (rabbit, Immunostar, 1:2000), somatostatin (rat; Chemicon; 1:400), par-
valbumin (mouse; Chemicon; 1:5000), PTCH1 (rabbit, Santa Cruz Biotech-
nology, 1:500), and TBR1 (rabbit, a kind gift from Robert Hevner, 1:1000). Fluo-
rescent secondary antibodies were Alexa Fluorophore (Molecular Probes,
1:500). For triple labeling, an additional Cy5-conjugated secondary (Jackson
ImmunoResearch) was used. DAPI (300 nM) was applied together with the
secondary antibodies as a nuclear marker.
Immunostaining was performed the same as described previously (Xu et al.,
2005, 2008). For detection of Cre, NKX2.1, GSX2, TBR1, and NeuN sections
were treated with 1 mM EDTA at 65C for 10 min. Sections aged E12.5 or
younger were first fixed with 4% PFA in PBS at room temperature for 10 min
to prevent them from peeling off the glass during EDTA treatment.Imaging and Cell Counting
Fluorescent and bright field images were collected on a Nikon E800 micro-
scope equipped with a Cool SNAP HQ (Photometrics) camera and MetaMorph
software (Universal Imaging). Confocal images were obtained on ZEISS LSM
510.
For each postnatal brain, interneuron population size was analyzed prefer-
entially on the right hemisphere of somatosensory cortex from three coronal
sections that were 400 mm apart, located rostral to the genu of the corpus cal-
losum and caudal to the hippocampal commissure. Three to six brains were
examined for one group. Cortical laminar position was determined by cell
packing density with DAPI staining, and separate counts were tabulated. A
mouse atlas (Franklin and Paxinos, 1997) was referenced for determining
laminar and area location.
Stereological counting of neurochemically defined interneuron subgroups
was conducted on a Nikon E600 microscope fitted with Stereo Investigator
software (MicroBrightField, Inc.) with the fractionator or optical fractionator
probe by systematic random sampling under 40x/0.75 objective. Cell density
per unit volume was estimated with the optical dissector, with which the top
2 mm and bottom 2 mm of the section were excluded from the counting (after
mounting, the 40 mm thick sections shrunk to about 12 mm in the somatosen-
sory cortex). The counting analysis was carried out blind to genotype. Statis-
tical analyses were present as average and standard error of the mean (± SEM)
and carried on Excel (Microsoft Office) for Student’s t test (two tailed,
unpaired), and on Prism 4 (GraphPad) for Wilcoxon signed rank tests.SUPPLEMENTAL INFORMATION
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